ecosystems over long periods of time and large expanses of space can offer insights into how they respond to environmental variation. For example, many studies have related fluctuations in climate to population dynamics of single species, variation in species composition, and changes in ecosystem variables, such as productivity and biomass (e.g., Davis 1986 , Graham 1986 , Tilman and Downing 1994 , Chapin et al. 1995 , Grant and Grant 1996 . Most of these studies, however, have focused on a single trophic level rather than attempting to follow the direct and indirect influences of climate through the trophic structure (but see Grant and Grant 1996 Lima et al., 1999) . While water availability may have direct influences on some species at higher trophic levels, its primary effect is on plants. Rainfall is usually followed, with relatively short time lags, by germination of annuals and growth and reproduction of both annuals and perennials. Consequently, large-scale variations in plant cover and primary production in arid ecosystems over both time and space are correlated with actual evapotranspiration, which varies closely with precipitation (Hillel and Tadmor 1962, Rosenzweig 1968 ). Variation in primary production, in turn, determines the availability of resources (including foliage, flowers, and seeds) to primary consumers such as herbivorous insects and granivorous rodents (Beatley 1969 , Brown et al. 1979 , Pianka 1986 ). Granivorous rodents are hypothesized to be mainly resource-limited and not predator controlled, strengthening the possible importance of fluctuations in resource availability to rodent population dynamics in arid systems (Slobodkin et al. 1967 , Oksanen 1992 . Fluctuations in rodent populations have further ramifications up food chains by affecting resource availability to secondary consumers. However, many of the studies on the relationship between rodent populations and resource availability are very limited in temporal and/or spatial scope and do not address how these correlations vary across different habitats and over longer timescales.
Through a combination of long-term temporal and large-scale spatial comparisons in arid ecosystems, it should be possible to determine how much of the variability in primary production and consumer populations can be explained by variability in the availability of limiting water resources. This has not generally been done. The studies (see previous citations) demonstrating resource limitation, both of water on plants and of primary productivity on consumers, have not typically focused on the long-term dynamics. These studies typically consist of observations of short duration and limited spatial extent. While water resources may be limiting, their effects on consumer dynamics may be complicated because of non-linearities in trophic interactions and influences of other factors. While variation in precipitation in desert ecosystems might be expected to result in closely correlated responses at other trophic levels, this prediction requires empirical testing. The extent to which resources and consumers are coupled has important implications, both for conceptual issues of ecosystem dynamics and for practical applications, such as understanding outbreaks of Hantavirus and Lyme disease (Parmenter et al. 1993 , Ostfeld 1997 .
Data from the Sevilleta LTER in central New Mexico and Brown's long-term study site in southeastern Arizona provide the opportunity to analyze resource/ consumer dynamics over large scales of both time and space. Here we perform such an analysis at three levels: precipitation inputs, plant growth responses, and rodent population dynamics. Considering the trophic structure and possible temporal and spatial correlations among these components (Fig. 1) , it is possible to make several a priori predictions: 1) To the extent that water is a limiting resource which affects producers and consumers through linear trophic responses, there should be positive correlations, with increasing time lags, linking precipitation, plants, and rodents. Following the notation in Fig. 1 , we predict: a) rlA and rB to be significant and positive; and b) r2A, r3A, r2B, and r3B also to be significant and positive, but after greater time lags.
2) To the extent that there is similarity between sites in amount and timing of precipitation, sites should also exhibit spatially correlated dynamics of plant and rodent response. That is, we predict rp,A/B, rCA/B, and rR,A/B to be significant and positive. 3) Differences in spatial dynamics may be due to the patterns of winter and summer precipitation. Winter precipitation comes from broad frontal weather systems which move from west to east across the southwest (Mock 1996) . Consequently, we expect significant correlations in winter precipitation among all sites on Sevilleta and perhaps between Sevilleta and Portal. In contrast, summer precipitation comes from convective thunderstorms which are often very localized (Mock 1996) . Consequently, we predict significant correlations in summer precipitation only between sites in close OIKOS 88:3 (2000) proximity. Furthermore, we expect that the spatial pattern of plant and rodent dynamics will reflect the extent to which they are influenced by the localized nature of summer precipitation. 4) If dynamics of producer and consumer populations are driven predominately by processes such as dispersal, instead of extrinsic forces such as climate, then the population dynamics of individual species and the pattern of species composition should be closely correlated among sites in close proximity. In such cases, fluctuations in producers and consumers might be more closely related to distance between sites than to similarity in climate. 5) If complex, non-linear influences within the trophic structure are present (e.g., strong cascading "topdown" effects of predators or strong density-dependent population control) they will tend to complicate, and perhaps to obscure, the response to variation in limiting resources due to fluctuations in precipitation.
Methods

Study areas
Data were obtained from both the Sevilleta LTER, 90 km south of Albuquerque, New Mexico and Brown's long-term research site in southeastern Arizona, located approximately 400 km southwest of the Sevilleta, and 7 km east of Portal, Arizona. Both areas are located at the transition between arid grassland and desert shrubland in the Chihuahuan Desert, and they have many of the same plant and animal species.
The Sevilleta LTER area is bisected into east and west halves by the Rio Grande. This study used three sites on the west side of the river and two sites on the east (Fig. 2) In this study, we were interested in the dynamics of resources and consumers through time and across space, not in how many consumers were supported by various amounts of resource. Therefore, we were less concerned about the exact densities of rodents than the fluctuations in community abundance. Since biases in density estimates attributable to trapping method and to influence of area outside the trapping grids are presumably consistent through time, they should not affect the correlations in fluctuations between sites or through time at one site.
At both study areas, the rodent fauna is dominated by granivores and omnivores. Species present at both the Sevilleta and Portal areas include: Dipodomys merriami, D. ordii, D. spectabilis, Perognathus favus, Peromyscus maniculatus, P. eremicus, Onychomys leucogaster, and Neotoma albigula.
Statistical analyses
For every year, there were data for precipitation, plant cover, and rodent density for two seasons for each site. The two seasons were roughly equivalent for each variable. At both areas, the precipitation season did not always correspond exactly to the timing of the plant and rodent sampling. Therefore the season of precipitation overlapping and/or immediately preceding a sampling period for plants and rodents was considered to be the "same" season.
All correlation analyses in this paper were done using the Spearman rank correlation procedure in SAS. Although many correlations were calculated, we did not perform a Bonferroni correction. We were concerned with the overall pattern of variation, not whether any particular correlation coefficient exceeded some arbitrary P < 0.05 level of "statistical significance". Furthermore, for the hypotheses tested and the data used in this study, a Bonferroni adjustment is not appropriate. For testing for concordant patterns among systems in addressing a hypothesis, techniques such as metaanalysis or consensus testing are more appropriate (e.g., Rice 1990, Arnqvist and Wooster 1995). Such analyses test whether multiple data sets support or refute a hypothesis, which is what we are attempting to do. However, these techniques assume that the data sets are independent of one another. While the sites used are located in different habitats and have different community composition, they are not independent. There is substantial overlap in the species present and spatial covariation in environmental conditions. This precludes the use of these types of analyses. Path analysis was also not appropriate due to the small sample sizes and the lack of experimental manipulations (Smith et al. 1997 (Smith et al. , 1998 , Grace and Pugesek 1998).
Temporal correlations
Correlations were calculated to compare the relationships between plant cover and precipitation, rodent density and plant cover, and rodent density and precipitation for each of the sites. For each relationship, four different exploratory correlations were run: same season for response and predictor variables (n = 15 for each site), predictor variable from the season before the response variable (n = 14 for each site), predictor variable being the sum of the previous and same season as the response variable (n = 14 for each site), and predictor being the sum of the two seasons before the response variable (n= 13 for each site). In terms of the series analysis, these were nonparametric (Spearman) cross-correlations with varying time lags. For temporal correlations at Portal, rodent data since 1989 were used for comparisons with vegetation and precipitation.
Spatial correlations
Data on average rodent densities for each sample period at each of the sites were analyzed to determine the degree of temporal correlation across space. The data from 1989 to 1996 for each of the six rodent study areas were used. Spatial correlations were also conducted on the plant data across all sites and on the precipitation data using summer and winter precipitation totals. These spatial comparisons of time series data were nonparametric (Spearman) cross-correlations with zero time lags.
Community comparisons
Rodent species composition, consisting of the abundance (total captures of unique individuals) of each species, for all webs at each site for each season at the Sevilleta from 1989 to 1996 (n = 48, for each site) was used to compare the similarity of communities across the study area. The average relative abundance of each species at each site for the 1989-1996 time period was calculated and used to rank species in order of dominance. Spearman rank correlations were calculated to compare the ranks of the species in the communities among the sites. Correlation coefficients were plotted against the distance between the sites to assess effects of spatial proximity on community similarity.
Results
Temporal correlations
At all Sevilleta sites, there were consistent correlations among rodent density, plant cover, and precipitation OIKOS 88:3 (2000) (Fig. 3) . At the grass and shrub sites, percent plant cover was significantly correlated only with the precipitation from the same season. Plant cover at the Wood site was only significantly correlated with the total precipitation from the same and previous season. Rodent populations were correlated with plant cover and precipitation, but only after a time lag. At three sites, the highest correlations were between rodent density and the sum of precipitation in the previous two seasons. At each site, the correlations between plant cover and rodent density closely followed the relationship between rodent density and precipitation (Table 1) . So, for example, if rodents at a site were most highly correlated with rainfall of the previous season, they were also most highly correlated with plant cover of the previous season.
At Portal, plant stem count was highly correlated with precipitation of the same season (r = 0.78, P < 0.001), but rodent density was not significantly correlated with either precipitation or vegetation (Fig. 3) .
Spatial correlations
Comparisons of rodent densities across the Sevilleta revealed high correlations among the three sites on the west side and between the two sites on the east side, but weaker correlations between the two sides of the Rio Grande (Fig. 4) . Portal exhibited highly negative correlations with sites on the west side of the Sevilleta, but no correlations with sites on the east. Vegetation cover was correlated on the same side of the river at the Sevilleta, but not between the two sides (Fig. 5) . Plant stem count at Portal was not correlated with vegetation cover at any sites on the Sevilleta. Winter precipitation was highly correlated across the Sevilleta (Fig. 6) . Summer precipitation was not correlated between the sites on the east and west sides of the river (Fig. 6) . In winter, but not summer, precipitation at Portal was weakly correlated with precipitation on the east and west sides of the Sevilleta.
Community comparisons
Sites of different habitat (grass or shrub) only a kilometer apart at Sevilleta had conspicuously different rodent communities (Table 2) . Correlation coefficients comparing the rankings of species from 1989 to 1996 at different sites showed that there was an effect of distance on community similarity (Fig. 7) . Nearby sites had similar composition, but at distances greater than 10 km there was also a high degree of variability in community composition not accounted for by distance.
Discussion
In general, the results support those predictions based on the premise that resource and consumer dynamics are governed primarily by variation in a limiting resource. With respect to temporal patterns, at all sites on Sevilleta there were correlations between precipitation and both plant cover and rodent populations. Correlations between plant cover and rodent populations were significant for three of the five sites, and almost significant for the other two, especially considering the small number of years. At Portal, there was a significant correlation only between precipitation and plant density; rodent populations were not correlated with either precipitation or plant density.
Increasing time lags in the correlations up the trophic chain also suggest that the dynamics were strongly influenced by inputs of limiting water resources. At Portal and four of the five sites at Sevilleta, plant responses were most closely correlated with precipita- Table 1 . Lag between response and predictor variables that yielded the highest correlation between plant cover and precipitation, rodents and plant cover, and rodents and precipitation. Lags in italics were marginally non-significant (0.05 < P < 0.15). Spatial patterns of correlations of timing and amount of precipitation, plant growth, and rodent response also suggest that limiting resources are important in the dynamics of these systems. At the Sevilleta, winter precipitation was highly correlated among all sites, but summer precipitation was significantly correlated only between sites on the same side of the river valley. Vegetation cover and rodent populations showed the same pattern, with correlations being substantially higher between sites on the same side of the river valley. Two features of these spatial patterns are especially noteworthy. The first is that summer precipitation was correlated only among sites on the same side of the Rio Grande. This can be attributed to the influence of topography, especially the mountain ranges that run parallel to the river, on the formation of convective storms and the resulting distribution of precipitation. The second pattern was that this spatial variation in summer precipitation appeared to greatly influence plant and rodent dynamics. Like precipitation, plant cover and rodent populations were most strongly correlated between sites on the same side of the river valley. This is further evidence for the dependence of producers and consumers on the temporal and spatial distribution of limiting water resources.
Plant cover and precipitation
Winter precipitation at Portal was correlated with that at the sites on the Sevilleta, but there were no such correlations for summer precipitation. Neither rodent nor vegetation response at Portal were correlated with these variables at Sevilleta. Given the distance between Portal and Sevilleta (400 km), the relative independence of their resource and consumer dynamics is not surprising. More perplexing, however, is the fact (noted above) that at Portal rodent population dynamics were not correlated with either plants or precipitation. The high correlation between plant stem density and precipitation is evidence that production is limited by water availability at Portal as well as at Sevilleta. But it is clear that variation in precipitation did not lead to a correlated rodent response at Portal, even though it did so at Sevilleta. At Portal, Brown and Heske (1990a) noted an apparent coincidence of three peaks in rodent populations and three El Nifio events of high winter precipitation in the 1980s. Two additional El Nifio events in the early 1990s, however, were coincident with low and declining rodent populations (Brown 1998). (Hastings et al. 1993) . Whatever the cause, however, we have no ready explanation why consumer/resource dynamics were seemingly uncoupled at Portal, in apparent contrast to the situation at Sevilleta. Even at the Sevilleta the correlations between resource and consumer dynamics, while "statistically significant", accounted for only a modest proportion of the variation: 12 to 72% for precipitation and plants, 32 to 42% for plants and rodents, and 45 to 76% for precipitation and rodents (Fig. 3) . Inspection of the dynamical patterns also suggests that complex non-linear processes probably occurred at the Sevilleta as well as at Portal (Fig. 8) .
Intrinsic dynamics, such as dispersal, could potentially explain correlations in rodent dynamics between sites in close proximity (Sutcliffe et al. 1996) . When populations of the same species occurred at adjacent sites at Sevilleta their dynamics were indeed closely correlated (unpubl.). In general, however, the adjacent sites, which were in different habitats, had substantial differences in species composition. Nevertheless, the Valone and Brown 1996) . The patterns of spatial and temporal dynamics observed in this study suggest that most rodent species responded directly to fluctuations in food supply, but the dynamics of the different species were positively correlated, because food availability depended on previous episodes of primary production and precipitation. Thus, fluctuations in total abundance of all rodent species appeared to provide an integrated measure of food availability for this important group of consumers at Sevilleta, but perhaps less so at Portal for the reasons mentioned above. Temporal and spatial patterns of precipitation input, plant growth, and rodent populations provide evidence for the influence of resource supply on consumer dynamics. However, the strength of that influence, especially on higher trophic levels, varied between study areas. At Sevilleta, there was evidence of a direct linear effect of resource limitation from climatic input through primary producers to rodent consumers. At Portal, there was a similar relationship between climate and primary producers, but no evidence of a direct linear effect that carried through to the consumers. The non-linear relationship between rodents and their resources may reflect the influence of complex intra-and inter-specific interactions. This is especially interesting given that current theory on the regulation of trophic levels suggests that granivores should be regulated only by resource availability ( Our results also point, however, to the unique insights afforded by long-term studies and large-scale spatial comparisons -that the resource/consumer dynamics are mediated by differences in habitat and that the strength of the relation between input of limiting resource and response by the rodent consumers may not be as strong as shorter-term studies might suggest. We should gain increased understanding of the processes that govern resource/consumer dynamics in these arid ecosystems as we acquire a longer record at both Sevilleta and Portal.
A general message is that the dynamics of multiple interacting species or trophic levels may be more complicated than suggested by short-term experimental and non-manipulative studies. Even though the interactions documented in these studies may be strong, their effects on the structure and dynamics of multi-species systems may result in complex patterns of spatial and temporal variation. Because the different species interact with different components of the abiotic and biotic environment on different spatial and temporal scales, the dynamics of these systems are inherently non-linear and difficult to predict (Hastings et 
